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ABSTRACT:. The kinetic mechanism of binding nucleotide cofactors to EHseherichia coliprimary
replicative helicase DnaB protein has been studied, using the fluorescence stopped-flow technique. The
experiments have been performed with fluorescent ATP and ADP analogues bearing the modification
on the ribose, MANT-AMP-PNP and MANT-ADP, and on the bas&MP-PNP andeADP. Associa-

tion of the DnaB helicase with nucleotide cofactors is characterized by four relaxation times that indicate
that the binding occurs by a minimum of four-steps. The simplest mechanism which can describe the data
is a four-step sequential process where the bimolecular binding step is followed by three isomerization

k.

steps. This mechanism is described by the following equation: Helmaﬁef (H—N)1 — (H—N)2

k. k
%3 (H—N)3 %4 (H—N)4. The binding mechanism is independent of the location of the nucleotide

cofactor modification and is an intrinsic property of the DnaB helieasgleotide system. Quantitative
amplitude analyses, using the matrix projection operator technique, allowed us to determine specific
fluorescence changes accompanying the formation of all intermediates relative to the fluorescence of the
free nucleotide. It shows that the major conformational change of the DnaB heliwasleotide complex

occurs in the formation of the (HN);. Moreover, the value of the bimolecular rate constantis 3—4

orders of magnitude lower than the value expected for the diffusion-controlled reaction. These results
indicate that the determined first step includes formation of the collision and an additional transition of
the enzyme-nucleotide complex. The obtained results provide evidence of profoundly different
conformational states of the ribose and base regions of the nucleotide-binding site in different intermediates.
The sequential nature of the mechanism of the nucleotide binding to the DnaB helicase indicates the lack
of the existence of a kinetically significant conformational equilibrium of the helicase protomer and the
DnaB hexamer prior to the binding. The significance of these results for the functioning of the DnaB
helicase is discussed.

The DnaB protein is an essential replication protein in by multiple magnesium cations6,( 7). Hydrodynamic
Escherichia coli which is involved in both the initiation  and E. M. data indicate that six protomers aggregate with
and elongation stages of chromosomal DNA replication, cyclic symmetry in which the protomeiprotomer con-
as well as in the replication of phage and plasmid DNA (  tacts are limited to only two neighboring subunit§, (
2). The protein is theE. coli primary replicative helicase, 8, 9). Thermodynamic studies provide direct evidence
i.e., the factor responsible for unwinding the duplex DNA of the presence of long-range allosteric interactions in the
in front of the replication fork {, 3, 4). The DnaB protein hexamer encompassing all six subunits of the enzyhe (
is the only helicase required to reconstitute DNA replica- 11).

tion in vitro from the chromosomal origin of replication In the stationary complex with the ssDNA, i.e., without
(oriC). . _ ATP hydrolysis, the DnaB helicase binds the nucleic acid
In solution, the DnaB helicase exists as a hexarhef]. with a stoichiometry of 26t 3 nucleotides/DnaB hexamer

Sedimentation equilibrium and sedimentation velocity studies (10—16). Photo-cross-linking experiments indicate that in the
show that the DnaB helicase forms a stable hexamer in astationary complex the ssDNA binds predominately to a
large protein concentration range, specifically stabilized gingle subunit of the hexamef@ 12). Thus, the DnaB

— hexamer has an effective, single binding site for the sSDNA;
0 \m; ;’VO”‘ was supported by NIH Grants GM-46679 and GM-58675  5though, each subunit can most probably be initially selected
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with respect to the polarity of the suggshosphate backbone
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MATERIALS AND METHODS

of the nucleic acid. Moreover, the same studies indicate that ) )
in the complex with the helicase the ssDNA passes through Reagents and BuffersAll solutions were made with

the cross-channel of the hexam&g6), Our thermodynamic
studies also show that the total ssDNA binding site of the

distilled and deionized>18 MQ (Milli-Q Plus) water. All
chemicals were of reagent grade. Buffer T2 is 50 mM Tris

enzyme is built of two subsites, a strong and a weak ssDNA adjusted to pH 8.1 with HCI, 5 mM Mggl and 10%

binding subsite, each of which encompassé$ nucleotide
residues 14—16).

Helicases are motor proteins which utilize the energy from
the nucleotide triphosphate hydrolysis to perform their
functions, particularly unwinding of the duplex DNA and

glycerol. The temperature and concentration of NaCl in the
buffer are indicated in the text.

DnaB Protein TheE. coli DnaB protein was purified, as
previously described by u$,(19—21). The concentration
of the protein was spectrophotometrically determined, using

the mechanical translocation along the nucleic acid lattice the extinction coefficientezgo = 1.85 x 10° M~ cm™

(17). The activities of the DnaB protein in vivo are related
to its ability to interact with both a ssDNA and a dsDNA
that is under ATP controll(~3, 18). Quantitative studies of

(Hexamer) 6).

Nucleotides MANT-AMP-PNP and MANT-ADP were
synthesized as described by HiratsuRd) (cAMP-PNP was

nucleotide binding to the DnaB helicase have established synthesized using the method of Secrist et 28).(c¢ADP
that the hexamer has six nucleotide-binding sites, presumablywas from Sigma and used without further purification. All

one on each protomerl® 19-22). On the basis of
thermodynamically rigorous fluorescence titrations, we de-

nucleotides used in the binding and kinetic studies were
>95% pure as judged by TLC on silica. The concentra-

termined that the binding process is biphasic. First, three tions of the nucleotides were determined using extinction

nucleotide molecules bind independently in the high-affinity
step and the next three nucleotides bind in the low-affinity

coefficientsesss = 5800 M cm™t and €294 = 2900 M1
cmt for MANT- and etheno-derivatives, respectiveB3(

step. The biphasic behavior of binding isotherms results from 24).
the negative cooperative interactions among binding sites Stopped-Flow KineticsAll fluorescence stopped-flow

(19-22).

Elucidation of nucleotide interactions with the DnaB
protein is indispensable for understanding the different
activities of the enzyme. This knowledge is a prerequisite
for formulating any model of the mechanism of enzyme
functioning in DNA replication, including translocation on
the nucleic acid lattice and the catalysis of duplex DNA
unwinding.

In this communication, as a first step on the way to

kinetic experiments were performed using either a SX.18MV
stopped-flow or a SX.18MV sequential stopped-flow instru-
ment (Applied Photophysics Ltd. Leatherhead, U.K.). The
reactions were monitored using nucleotide cofactor fluores-
cence, withlex = 295 and 325 nm for MANT-derivatives
and etheno-derivatives, respectively. The emission was
observed through a GG400 cutoff filter (Schott, PA) with
the excitation monochromator slits at 1 mm (band-pass
4.5 nm). The experiments were performed in the “oversam-

understanding the dynamics of nucleotide cofactor binding Pling” mode in which the instrument collects and averages
to the DnaB helicase, we address the kinetics of nucleotidemultiple data points at the fastest instrumental rate for the
binding to the single, noninteracting site of the DnaB, using selected time interval, achieving a higher signal-to-noise
the fluorescent nucleotide analogygg-imido-1 Né-ethenoad- ratio. Usually, three to eight traces were collected and
enosine-5triphosphatedAMP-PNP) 1 Né-ethenoadenosine ~ averaged for each sample. The kinetic curves were fitted to
diphosphate ¢ADP), 3(2)-O-(N-methylantraniloyl) j,y- extract relaxation times and amplitudes using nonlinear least-
imido-adenosine‘&diphosphate (MANT-AMP-PNP),'@)- squares software provided by the manufacturer with the
O-(N-methylantraniloyl) adenosing-Biphosphate (MANT-  exponential function defined as

ADP) (23, 24). These analogues differ by the type and

location of the modifying groups. In the case of MANT- n

derivatives, the modification is located on the ribose, while F(t) = F() + » A exp(=4it)
the etheno-derivative is modified on the adenine resid@e ( =

24). Our data show that the association of the nucleotide . . . . .
cofactor with the binding site on the DnaB hexamer proceeds WNereF(t) is the fluorescence intensity at tinieF() is
through a complex, minimum four-step sequential mecha- € fluorescence intensity at= o, A is the amplitude
nism. Amplitude analyses indicate that the major conforma- cOrresponding to ith relaxation processis the time constant
tional transition of the enzymenucleotide complex occurs (reciprocal relaxation time) characterizing ith relaxation

in the first step. The sequential character of the mechanismProcess, andi is the number of relaxation processes. Al
indicates that the association of a nucleotide with the single, lurther analyses of the data were performed on Macintosh

noninteracting site of the DnaB hexamer is not preceded by &3 cOmputers using Mathematica (Wolfram, Urbana, IL) and

a conformational transition of the protomer nor by the Kaléida Graph (Synergy Software, PA).
helicase hexamer prior to binding.

(1)

THEORY

Analysis of Stopped-Flow Kinetic Experiments Using the
Matrix Projection Operator Techniqu&uantitative deter-
mination of the mechanism of the macromolectligand
interactions, using spectroscopic stopped-flow measurements,
requires the examination of both the relaxation times and

1 Abbreviations: AMP-PNP j,y-imidoadenosine-Striphosphate;
€AMP-PNP, 3,y-imido-1 Né-ethenoadenosing-Fiphosphate  ADP,
1,N¢-ethenoadenosine diphosphate; MANT-AMP-PNP(2'3-O-(N-
methylantraniloyl)s,y-imido-adenosine-&diphosphate; MANT-ADP,
3'(2')-O-(N-methylantraniloyl) adenosing-8iphosphate, E. M., electron
microscopy; Tris, tris(hydroxymethyl)aminomethane.
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the amplitudes of the observed processes. In our analyses ofiucleotide forms in solution. In the standard matrix approach,
the dynamics of the interactions of the DnaB helicase with the solution of system 4 is

nucleotides, we used the matrix projection operator technique

(25). This powerful method is particularly useful for the N = expMt)N, (6)
analysis of spectroscopic stopped-flow kinetics, by providing

closed-form explicit expressions for the amplitudes of the \ynere

studied reactions. In turn, this allows the experimenter to

obtain invaluable information on the structural and mechan-

ical aspects of all identified intermediates unavailable by expMt) =V

other methods.

As we show below, the dynamics of nucleotide cofactor [eXp@qt) O 0 0 0
binding to the DnaB helicase includes the bimolecular step [ expd,t) 0 0 0
that is followed by three first-order conformational transi- |q 0 exp@,t) 0 0 v (7)
tions. This is a sequential reaction between nucleotide, N, 0 0 0 expi) 0
and helicase, H, described by the equation 3

0 0 0 0 expl,t)
LT T N
HH N 5= N 5= Ny 5 Ny 552 N @) Quantitieslo, A1, 42, 43, andi4 are eigenvalues of matrix

M, V is a matrix whose columns are the eigenvectors of
The reaction is monitored by the fluorescence change of matrix M, andN, is the vector of the initial concentrations.
the nucleotide. There are four relaxation times and four In the considered case of the sequential reaction, defined by
amplitudes, i.e., there are four normal modes of the reac-eq 2,N; is a column vector,Nwt, 0, 0, 0, 0), wheréNy, is
tion (26). The differential equations describing the time the total concentration of the nucleotide. The elements of
course of reaction 2, in terms of different nucleotide species, the vector N, result from the fact that at = 0, the
are concentration of the free nucleotide is equal to its total
concentration, while the concentrations of all other nucle-
otide—enzyme complexes are zero.

To obtain the solution of the system of the differential
equation, as defined by eq 6, one must first obtain eigen-
dN, values for matrixM, then the corresponding eigenvectors.
“at = kNjH — (k_p + k)N, + K Ng (3b) This would involve cumbersome numerical analyses, par-
ticularly for the eigenvectors. On the other hand, instead of
finding eigenvectors corresponding to the each eigenvalue,

dN,
E = _leNl + k_1N2 (3a)

N
d_3k2N2 — (k_, + kg)N;g + k_3N, (3¢c) Ai, of matrix M, we expand matrix expt) using its
L eigenvalues, exp(t), and corresponding projection operators,
dN Qi, as @5, 27)
v
at KsNs — (K5 + k)N, + k_,N5 (3d) 4
expMt) = » Q, exp@t) 8)
dNg =
Tt KiNg — k_4Ns (3e)

The projection operators);, can easily be analytically
Studies described in this work are performed in the large defined using the original coefficient matrid and its

excess of the helicase over the nucleotidg; > Ny, i.€., eigenvaluesy;, by Sylvester’s theorenp, 27). A general
Huwot iS constant during the reaction. In matrix notation, system formula for a projection operatoQ;, corresponding to an
3 is defined as eigenvaluey,, is
dN, n
dt |_|(M —4l)
N | [—kH K, 0 0 o |IN, =
J Nk ) ks 0 o |In, Q=—""" 9)
d_t3 =10 kz _(k—2+ k3) k3 0 N3 (4) (A _ l)
dn, 0 0 ks —(Kg Ky Koy N, ]L_I ! J
x| o 0 0 ks —k_4[\Ns
N wheren is the number of eigenvalues ahds the identity
ot matrix of the same size ad.

In the considered case, there are five eigenvalges;,
A2, A3, andA4. One eigenvaluely = 0, which is the result of
N = MN (5) the mass conservation in the reaction system, requires that
. at very long time {— =) the system approaches equilibrium.
whereN is a vector of time derivatived/ is the coefficient Using eq 9, for the considered case of four sequential
matrix, andN is the vector of concentrations of different reactions, one obtains

and
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M= 4D = 2)(M = A5)(M = Ag)

: i (102)
D
2= M%z_—l AI)>(<ZA - j;gM—_Aﬁ 7 o
:= M%;—l AI)>((ZA - i;gM—_Aﬁ 7 a0
4= MM — A,)(M — ,1)(M — Z41) (100

Al = 21)(hg = A)(Ag — A3)

Application of the matrix projection operators provides the
solution for the system of differential eq 4 as

N = QoN, + Q;N, exp ¢,t) + Q,N, exp@,t) +
Q3N, expiat) + QuN, exp@,t) (11)

whereQ; is defined by eqs 10ad.

Using projection operators, the numerical analysis of the
complex multistep reaction is reduced to finding only the
eigenvalues of the original coefficient matik. The closed-
form formulas for the amplitudes of the different normal
modes of the reaction are then obtained in terms of rate

constants, relaxation times (eigenvalues), and spectroscopic

properties of each intermediate.

Equations 9 and 10 show that projection operatQrs,
are matrices of the same size as the size of the original
coefficient matrixM. Thus, in general, the producgN,
are column vectorsp;, which are the projections df, on
each eigenvector of matriM. The solution of the differential
equation system is then

N = P, + P, exp@,t) + P, exp@.,t) + P; exp@st) +
P, exp@,t) (12a)

and
N, Po1 P11 P21
N, Po2 P12 P2,
N3 [= [Pos [+ [ P13 [exp@qt) + | P23 |exp@,t) +
N, Poa P14 24
Ns Pos Pis Pas
Pa Pa1
P3, Pa,
Pas [expliat) + [Pz |exp@,t) (12b)
P34 Paa
Pss Pas

wherePj is the jth element of the projection of the vector
of the initial concentrations ofN, on the eigenvector
corresponding to thah eigenvalue of the matrid. Thus,

the solution of the system of the differential equation
describing the studied reaction is obtained without directly
determining the eigenvectors &f. At t = « the reaction
system reaches equilibrium and the concentrations of all
species are described by the elements of veegor
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The considered mechanism is complex. There are four
normal modes of reaction corresponding to relaxation times
T, = —1/11, To = _1//12, T3 — —1//13, andr4 = —1/14 and
four amplitudesAy, Az, As, andA,. The kinetics of nucleotide
binding to the DnaB helicase is followed by the fluorescence
intensity change of the nucleotide. Thus, each individual am-
plitude contains a contribution from the fluorescence intensi-
ties characterizing nucleotide intermediates of the reaction.
In general, each intermediate may have different fluorescence
properties. Therefore, there are five molar fluorescence
intensitiesF,, F, F3, F4, andFs, characterizingNs, Ny, Ns,

N4, andNs states of the nucleotide free and in the complex
with the helicase. The total concentration of the nucleotide
during the reaction obeys the mass conservation relationship

Niot = N; + N, + Ny + N, + Ny (13)

Therefore, the fluorescence of the system at any time of the
reaction,F(t), is defined as

F(t) = F;N; + F,N, + F3Ng + F,N, + FsN;  (14)

Introducing eqgs 12b and 13 into eq 14 and rearranging
provides

FoPos + F3Pos + F4Pos + FsPos
I:2}:)12 + F3Pl3 + I:4P14 + F5P15
F(t) = FN; + |FoPop + F3Pys + FyPyy + FsPys
FoPsp 4 F3Pa3 + FyPyy + FsPsg
FoPas + FaPyz+ FPyy+ FsPys
1
exp@,t)
expl,t) | (15)
expist)
expl,t)
where indexT indicates the transpose matrix.

The experimentally determined total amplitudey, of a
stopped-flow trace is defined as

Aot = F(0) = F(e)

whereF(0) andF(«) are the observed fluorescence intensi-
ties, F(t), of the system at = 0 andt = oo, respectively.
Introducingt = 0 for F(0) andt = oo for F(e) into eq 15
provides

(16)

Poa+ P1a 1 Py + Py + Py
— Pos + P1g 1 Ppg+ Py + Pys
FO) = PN+ Poa+ Prat Pyt Py + Py

Pos + P15+ Pos + Pas £ Pyg

F,—F,
F,— F,
F—F | @)
Fo—F,
and
Fo—Fy
F3 I:1
F(o0) = FiNy + (Poz Pos Pos Pos){ " _ | (18)
4 1
Fo— F,

Subtracting eq 18 from 17 gives the total amplitude as
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P, + P+ Py +Pis|T[F,— Fy mechanism of the complex reaction and the rate constants

Py + P+ P, + P | |Fs—F of particular elementary processe26), The reciprocal
ot = [Py, + Pyy+ Pay+ Py | |F,— F (19) relaxation times for the four-step sequential reaction, de-

P+ P+ Py,+Pel \Fe—F, scribed by eq 2, as a function of the free macromolecule

concentration, are shown in Figure 1. Relaxation times have

Because, the total amplitud, of the stopped-flow trace been obtained by direct, numerical determination of the

is the sum of the individual amplitudes of all normal modes, €i9envaluesis, 1z, 43, and/,, of matrixM at a given free
macromolecule concentratiod, using the identities of 1{

A[ot — Al + A2 + A3 + A4 (20) = _/‘Ll, 1/, :'_/12, 1z = _/13, and 1t, = _/14. Because

of the large differences between the values of the selected
rate constants among the elementary steps, the relaxation
times differ significantly at any concentration of the mac-
romolecule, i.e., the normal modes of the reaction are close

the individual amplitudeg\, A, As, andA, for each normal
mode of the reaction are then

F.—F to the “uncoupled” ones2g). In such a situation, it could
FZ_ Fl be possible to obtain approximate formulas for each of
A; = (P12 P13 Py Pis) F3 _ Fl (21) the relaxation times; however, the numerical approach
4 1 applied here avoids such approximations. The largest recip-
Fs—Fy rocal relaxation time has typical characteristics of the
bimolecular binding process withz/increasing linearly with
F,—F the macromolecule concentration in the high macromolecule
— (P. P.P. P Fs—F concentration range26). On the other hand, at low macro-
Ay = (P22 Paz Faq Fas) F,— F, (22) molecule concentrations, there is clearly a nonlinear region
Fs—F, (Figure 1). This experimentally observed region (see below)
is only evident because no approximate expressions for this
relaxation time have been used. The reciprocal relaxation
Ez El times 1t,, 1/r3, and 1t, for the considered sequential four-
_ 3~ M1 step reaction, show hyperbolic dependence upon the [mac-
As= (P32 Pg3 Pas Pys) F,—F; (23) romolecule] reaching plateau values at the higher [macro-
Fs—F; molecule]. As a result, 14, 1/r3, and 1, become independent
of the macromolecule concentration in the higher concentra-
F,—F, tion range.
F,—F Amplitudes.Analysis of the amplitudes of the spectro-
A, = (P2 Paz Pay Pys) F, - F, (24)  scopic relaxation process provides an additional test of the
Fe— F, determined mechanism and offers a unique opportunity to

obtain information about the structure of the reaction

Equations 26-24 are closed-form, explicit expressions for intermediates and the. ph_y§ical nature of the elementary steps.
the total and individual amplitudes for the sequential, four- The dependence of individual amplitudés, A; A, and
step reaction mechanism of nucleotide binding to the DnaB A €xpressed as fractions of the total amplitudg, (A/
helicase, described by eq 2. Notice, once the matrix projec- 2/A) upon the macromolecule concentration, for the consid-
tion operators are formulated in terms of the original e.red se.quentlal reaction, is shown in Figure 2. The computer
coefficient matrixM, the total and individual amplitudes of ~ Simulations have been performed using eqs-24. The
the reaction system can be explicitly defined in terms of rate Selected molar fluorescence intensities Bse= 5, F3 = 5,
constants, relaxation times, and spectroscopic properties of-4 = 5, andFs = 5; rate constants are the same as in Figure
the intermediates. The closed-form expressions for the 1. It is clear that at low macromolecule concentrations
individual amplitudes of all kinetic steps enable one to extract Predominantly the amplitudes of the fourts and thirdAs
the spectroscopic properties of each intermediate of thenormal modes of the reaction contribute significantly to the
reaction, thus, providing information about the structures of observedAq; although the major fluorescence change, as
the intermediates, unavailable by any other methods. Becaus€ompared to the fluorescence of the free ligand, accompanies
the fluorescence of the free nucleotidig, can be set as 1, the formation ofN.. Such behavior is the result of the low
only the values of the remaining four molar fluorescence efficiency of theN, complex formation at a low [macro-
intensities,F,, Fs, F4, and Fs, relative toF;, have to be molecule], while the formed complex still relaxes with the
determined. NoticeF,, Fs, F4, andFs are uniquely deter-  third and fourth normal modes. At high macromolecule
mined, relative tdF;, by egs 26-24. However, in practice, ~ concentrations, the amplitude of the first normal modie,
due to experimental error, determinationFef Fs, Fs4, and dominates the relaxation process. The computer simulations
Fs can be achieved through nonlinear least-squares fittingin Figure 2 show that all four amplitudes of the present
of the experimentally obtained individual amplitudes, as relaxation steps are detectable, although there is no additional
described below. Extension of the analysis to more complex fluorescence change in the transition frddnto all subse-
reaction systems is straightforward. guent intermediates. As mentioned above, this is evident from

Relaxation TimesExamination of the relaxation times of  eqs 26-24, which show that the amplitude for a given normal
the studied kinetics, as a function of ligand concentration, mode of the reaction is mainly affected by the values of
constitutes the first and fundamental step in establishing therelaxation times, rate constants, and the differences between
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Ficure 2: Computer simulation of the dependence of fractional
individual A1, A;, As, and A4 relaxation amplitudes for the four-
step sequential mechanism of ligand binding to a single, independent
site on a macromolecule, defined by eq 2, upon the logarithm of
the free macromolecule concentration. The relative fluorescence
intensities, F,, F3, F4, and Fs, characterizing corresponding
intermediates,N,, N3, Ny, and N5 are 5, 5.5, 5.5, and 5.5,
respectively. The fluorescence of the free ligaNdg,is taken as 1.
The individual amplitudes are expressed as fractions of the total
amplitude. The simulations have been performed using closed-
form expressions defined by eqs-224 with the rate constantg
=1x 1(ﬁM71571, k_1=10§1, k2=5§1, k-2=3§1, ks =
055t k3=0.3s1% k=0.05s? andk, = 0.03 s%; A; (—),

Ao (== =) As (=), Aa (== ).

RESULTS

Binding of the Fluorescent Nucleotide Analogues, MANT-
AMP-PNP and MANT-ADP, to a Single, Noninteracting Site
on the DnaB HelicaseQuantitative fluorescence titrations
show that there are six nucleotide-binding sites on the DnaB
hexamer and the binding process is biphasic, resulting from
the negative cooperative interactions among binding sites
(19—-22). Biphasic binding results from the fact that negative
cooperativity is limited to the adjacent subunits. As a result,
the first three nucleotide molecules bind to three noninter-

acting sites 19—22). In the first step, we addressed the
mechanism of nucleotide binding to a single, noninteracting
site on the DnaB protein hexamer. Fluorescence titrations
(Lex = 295 nm,Aem = 450 nm) of MANT-AMP-PNP and

Ficure 1: Computer simulation of the dFer:endence of reciprocal MANT-ADP, with the DnaB helicase in buffer T2 (pH 8.1,
relaxatioh times for the four-step sequential mechanism of ligand 100 mM NaCI’ 20°C), are_ shown 'in F7|gure 3. The
binding to a single, independent site on a macromolecule, defined concentrations of the nucleotides are £.30°" M. Because

by eq 2, upon free macromolecule concentration. Relaxation times the excitation wavelength applied is at 295 nm, the excitation

have been obtained by numerically determining the eigenvalues of of the nucleotide analogue is minimal and the increase of

the coefficient matrixM (4, 42, 43, A), then using identities #{ the nucleotide fluorescence originates predominantly through

= —M1, U, = =2, 13 = —13, and 14, = —14. The simulations . .

have been performed using rate constdats 1 x 106 M1 s 1, energy_transfer from the protein tr_yptophans. We prewo_usly

k1=10sL k=551 k,=3sL k=055 k3=03s1 determined that all tryptophan residues of the DnaB helicase
are clustered around the nucleotide-binding site of the

ks = 0.05 _sl, andk-, = 0.03 sl The selected total ligand\t,
concentration is < 107% M; (a) 1/rs, (b) 1fra, (€) 13, (d) 1fra. enzyme 20). With the excitation at the tryptophan absorption

thespectroscopic properties of the intermediates and the fred?and, the maximum relative fluorescence increase of MANT-
ligand (see above). AMP—_PNP ar_1d MANT-ADP are~13- and~_17-f_old, re-
Computer simulations shown in Figure 2 were performed SPectively (Figure 3, Table 1). Analogous fitrations, using
with given values of the relative fluorescence intensities for the excitation directly in the MANT absorption maximum
all intermediates. In experimental studies of a kinetic system, (*ex = 356 nm), produce only~3-fold increase of the
this process is reversed, i.e., from the dependence of theMANT—de_rlvatlve fluorescence upon saturation with the
amplitudes of the system upon macromolecule (or ligand) PnaB helicase21).
concentrations one can determine the spectroscopic param- The concentration of the nucleotides (k5107 M) has
eters characterizing all intermediates. Below we discuss thebeen selected to ensure that, over the entire isotherm, only
approach as applied for the case of nucleotide associationassociation with one of the six binding sites on the hexamer
with the DnaB helicase. is observed19—22). The solid lines in Figure 3 are computer

0 410°° 810°
[Macromolecule]
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20 . fit. As indicated by the included deviations of the experi-
mental curve from the fit, the three-exponential function
does not provide an adequate description of the experimen-
tally observed kinetics. Thus, the four-exponential fit is
necessary to represent the observed experimental curve. A
higher number of exponents does not significantly im-
prove the statistics of the fit. Therefore, the association of
MANT-AMP with the DnaB helicase is at least a four-step
process.

The reciprocal relaxation times,7l/ 1/r, 1/t3, and 1t,,

characterizing the four binding steps, as a function of the

. DnaB helicase concentration (Protomer) are shown in Figure
0 410° 810° 5. The relaxation times strongly differ in their values,

[DnaB (Protomer)], ., indicating that the observed kinetic steps are close to the
FiGURe 3: Fluorescence titrations of MANT-AMP-PNP and “uncoupled” onesZ6). The largest reciprocal relaxation time,
MANT-ADP with the DnaB helicase in buffer T2 (pH 8.1, 100  1/r;, increases with the [DnaB], and the dependence becomes
T P O, UANT A0F 8. near t igh enayme concentatons, athough there is &
single site isotherm (eq 25), using the intrinsic binding condant nonlinear phqse gt the low [DngB]. Such 'behaVIor IS t_ypl_cal
= 65x 106 M-! and 2.3x 106 M- for MANT-AMP-PNP and for the relaxation time characterizing the bimolecular-binding
MANT ADP, respectively (see text for details). Concentrations of step (Figure 1). On the other hand,riland 1f; show

Relative Fluorescence Increase

both nucleotides are 1.5 1077 M. hyperbolic dependence upon the [DnaB], while, 18, within
. ) ) S experimental accuracy, independent of helicase concentra-
fits using a single-site binding isotherm tions. The simplest minimum mechanism that can account

for the observed dependence of the relaxation times upon
the enzyme concentration is a four-step, sequential binding
process in which bimolecular association is followed by three
isomerization steps as described by Scheme 1.

where K is the intrinsic binding constantAFmay is the The solid lines in Figure 5 are computer fits of the
maximum fluorescence increase of the nucleotide saturatedrelaxation times according to the above mechanism. The
with the enzyme, and [H] is the concentration of the DnaB analysis was first performed by numerical, nonlinear least-
helicase (Protomer). The obtained valueskare (6.5+ 1) squares fitting of the individual relaxation times, then the
x 1P M7L, AFnax = 13, andK = (2.34 0.5) x 10° M7, values of the rate constants were refined by global fitting,
AFmax = 17 for MANT-AMP-PNP and MANT-ADP, which simultaneously includes all relaxation times. The
respectively (Table 1). The obtained values of the intrinsic obtained rate constants for the mechanism defined by Scheme
constants are in excellent agreement with the values previ-1 arek; = (9 + 1.5) x 1P M*s %, k; =5+ 1.2 s k
ously obtained, using protein fluorescence to monitor the =6+ 2s% k,=54+15s% ks=03+0.1st ks=
nucleotide binding and analyzing the entire binding isotherm 0.7 = 0.2 s, ks = 0.0114 0.004 s*, andk-, = 0.011+

with the statistical thermodynamic model for the protein 0.004 s* (Table 2).

hexamer (hexagon model}4—22). Notice, the increase of The equilibrium association binding constants for each step
the relative fluorescence is larger in the case of MANT-ADP in Scheme 1 ar&; = ki/k_1, Ko = ko/k_», Kz = ka/k_3, and
than MANT-AMP-PNP, indicating that the MANT moiety K, = ki¢k_4. Introducing the values of the rate constants
of ADP is closer to the protein tryptophans in the binding providesk; = (1.8 + 0.6) x 10° M™%, K, = 1.3+ 0.4,K3

site than the MANT group of the AMP-PNP analogue. These = 0.4+ 0.12, andK, = 1 4+ 0.3. It is clear that the first step
data indicate that the conformational state of the ADP has a dominant contribution to the free energy of the
analogue in the binding site is different from that of the nucleotide binding. Within experimental error, the second
AMP-PNP (see below). and fourth steps do not contribute to the energetics of

Kinetics of the Ribose-Modified Fluorescent ATP Ana- Pinding, while the third step is even energetically unfavor-
logue, MANT-AMP-PNP, Binding to a Single, Noninteracting ablef..The overall binding constakdtis related to the partial
Site on the DnaB Helicas&topped-flow experiments were  €auilibrium steps by
performed under pseudo-first-order conditions by mixing the
nucleotide with a large excess of the DnaB helicase. At all K=Ky (1+K;+ KKz + KyK3K)p) (26)
concentrations used, the DnaB helicase fully preserved its
hexameric structure6( 7). The stopped-flow kinetic trace  Introducing the values of equilibrium constants for partial
of the MANT-AMP-PNP fluorescence, after mixing310~7 equilibrium steps into eq 26 gives = (6.3 £ 1.4) x 10°
M analogue with 1.2< 105 M DnaB helicase (Protomer) M~ This value is, within experimental accuracy, in excellent
(final concentrations) in buffer T2 (pH 8.1, 100 mM NaCl, agreement with the intrinsic binding constént= (6.5+ 1)
20°C), is shown in Figure 4. The curve has been recorded x 10> M~ determined by equilibrium titration (Figure 4,
in two time bases, 1 and 200 s. The observed kinetics is Table 1).
very complex, clearly showing the presence of multiple Indizidual Amplitudes of Relaxation Steps in MANT-AMP-
steps. The solid line in Figure 4 is a nonlinear least-squaresPNP Binding to the DnaB HexaméFhe dependence of the
fit of the experimental curve using the four-exponential individual amplitudesAy, Ay, As, andA, of all four relaxation

_ AFmaKIH]

AF 1+ K[H]

(25)
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Table 1: Intrinsic Binding Constank;, and Maximum Fluorescence IncreasEmax for Binding of the Ribose- and Base-Modified Fluorescent
ATP and ADP Analogues, MANT-AMP-PNP, MANT-ADRAMP-PNP, andcADP to a Single, Noninteracting Nucleotide-Binding Site on the
DnaB Hexamer

MANT-AMP-PNP MANT-ADP ¢AMP-PNP €ADP
K (M) (6.5+ 1) x 10° (2.3+0.5)x 10° (6+1)x 10 (3.3+£0.7) x 10°
AFmax 13+1 1742 2.7+0.3 3.4+ 0.3

aMANT-analoguesdex = 295 mm;iem = 450 mm. Etheno-analogueky, =325 mm;iem = 410 mm. The binding isotherms have been obtained
in buffer T2 (pH 8.1, 100 mM NacCl, 20C) for the MANT-analogues and in the same buffer containing 100 mM acrylamide for the etheno-
analogues (see text for details).

17,

0 110° 210°®
[DnaB (Protomer)]

Relative Fluorescence

‘Tota!

L 15
0 0.5 1 100 200 b

7,

Deviations
o

L] 0.5 1 100 200
Time (s)

Ficure 4: Top panel is the fluorescence stopped-flow kinetic trace,
recorded in two time bases, 1 and 200 s, after mixing the DnaB 00 T10% 210°
helicase with MANT-AMP-PNP in buffer T2 (pH 8.1, 100 NaCl, [DnaB (Protomer)]
20°C) (Aex = 295 nm,Aem > 400 Nm). The final concentrations of

the DnaB helicase and the nucleotide arex.20> M (Protomer) 2
and 3x 1077 M, respectively. The solid line is the four-exponential, c

nonlinear least-squares fit of the experimental curve using eq 1. %

Totalt

The lower panel shows the deviations of the experimental curve
from the fit using a three-exponential (---) and a four-exponential
(—) function, respectively (equation 1).

T
1,
T
'——.;
—
—-—
.
-
H
|

steps upon the logarithm of the DnaB protein concentration
(Protomer) are shown in Figure 6. The individual amplitudes
are expressed as a fraction of the total amplitéglg,A;. At 0

0 110 210

low helicase concentrations, the amplitude of the first [DnaB (Protomer)], .
bimolecular process does not significantly contribute to the 01 o
observed kinetics. The total amplitude is dominated by the ) d

second relaxation process (amplitudlg, which constitutes
~60% of the observed fluorescence increase. The amplitudes
As andA, of the third and fourth relaxation steps contribute ¥ 0.0

to the observed kinetics mainly at low enzyme concentra- ™ %
tions. As the concentration of the DnaB helicase increases, % *
the amplitude of the bimolecular stefy;, increases and at __iiiqup_;_____ﬁ i

high enzyme concentrations becomes a dominant relaxation 00 — 3
effect (Figure 6). [DnaB (Protomer)l_

Such behavior of the individual amplitudes is in full

agreement with the proposed sequential mechanism (Schem&!GURE 5: Dependence of the reciprocal of the relaxation times
1) deduced from the relaxation time analysis. Using the for the binding of MANT-AMP-PNP to the DnaB helicase in buffer

- o . . T2 (pH 8.1, 100 mM NacCl, 20C) upon the total concentration of
matrix projection operator technique, described above, We the enzyme (Protomer). The solid lines are nonlinear least-squares
can determine molar fluorescence intensities characterizingdfits of the experimental data to the four-step sequential mechanism,
each intermediate of the reaction relative to the fluorescencedefined by eq 2, using rate constak{s=9 x 1 M~1s1 k ;=

of the free nucleotide, i.e., we can assess the conformationag o 1i E*,zl:agdslz 4 5% =0151 s i'(léga;eoé:;)-?;j]?s(z)ol'; S*( z)kf/:

state of the enzymenugleonde complex. It should be pointed (d) 14 The errgr bars are standard deviatiolns 0btai2r1ed fror% three
out that the maximum increase of the fluorescence of MANT- 5 ’tour independent experiments.

AMP-PNP saturated with the DnaB helicase is independently

known AFnax = 13) from the equilibrium fluorescence helicase AFyax can be analytically expressed as a function
titrations (Figure 3). Also, at saturating concentrations of the of the partial equilibrium binding constants and molar



2114 Biochemistry, Vol. 39, No. 8, 2000 Bujalowski and Jezewska

Scheme 1

Helicase + N> (H-N), <> (H-N), &H-N), & H-N),
k_,

k4 k_3 K4

Table 2: Kinetic, Thermodynamic, and Spectroscopic Parameters Characterizing the Binding of Ribose- and Base-Modified Fluorescent ATP
and ADP Analogues, MANT-AMP-PNP, MANT-ADRAMP-PNP, andcADP to a Single, Noninteracting Site on the DnaB Hexamer Helicase
(see text for details)

MANT-AMP-PNP MANT-ADP eAMP-PNP €ADP
ki (M~1s72) (9£1.5)x 1P (3.5+ 1) x 106 (3.4+ 1) x 10 (2.64 0.6) x 108
koi(s?) 5+1.2 9+2 16+ 2 10+ 2
2 (s7Y) 6+2 14+2 3.3+0.8 4+1
ko2(s?) 5+15 6+ 1 8+2 6.5+ 1.5
ks (s71) 0.3+0.1 0.6+ 0.25 0.05+ 0.02 0.01+ 0.003
kog(s? 0.7+0.2 1.8+ 0.6 0.07+ 0.02 0.07+ 0.03
ke (s7Y) 0.011+ 0.004 0.003t 0.0015 0.01 0.004 0.009t 0.004
kea (s 0.011+ 0.004 0.005+ 0.002 0.0045¢ 0.002 0.0045t 0.002
Ki (M9 (1.840.6) x 10 (4.4+1) x 10° (2.1£0.7) x 104 (2.6+0.7)x 10
2 1.3+ 0.4 2.3+0.7 0.4+ 0.12 0.6+ 0.2
Ks 0.4+0.12 0.3+0.1 0.740.25 0.15+ 0.05
Ka 1+0.3 0.6+ 0.2 2.2+ 0.6 2+ 0.6
overall binding 6.3+ 1.4)x 1P (2.04+0.6) x 10° (5+1.5)x 10 (4.84+1.2)x 1P
constant (M1)
AF> 13.6+ 1.2 16.6+ 1.5 53+1 4.6+0.7
AF3 11.9+1 142415 43+1 4.9+ 0.7
AF4 12415 14.2+2 1.8+ 0.6 2.5+ 0.6
AFs 12.74+2 35.5+ 5 37+1 1.1+ 0.3
1 . . . ditional relationship among partial equilibrium constants and
the fluorescence parameters characterizing the intermediates.
§ Because the individual amplitudes are analyzed as fractions
2 of the total amplitudes, the value &fFnax plays the role of
E- a scaling factor. Thug\Fnax affects only the absolute values
< of the determined molar fluorescence intensities, but not their
s relative values with respect to each other. The solid lines in
-% Figure 6 are computer fits of the experimentally determined
e fractional individual amplitudes¥/3 A)) of the reaction using
= egs 20-24 and 27. The applied fitting procedure was the

same as the one used for the relaxation times (see above).
First, eqs 2124 were fitted to the individual amplitudes
Total using the same rate constants as obtained from the examina-
Ficure 6: Dependence of the individual relaxation amplitudes of tion of the relaxation times or by a”owing the rate constants

the kinetic process of MANT-AMP-PNP binding to the DnaB 0 . :
helicase in buffer T2 (pH 8.1, 100 mM NaCl, 2) upon the to float between+10% of the values determined in the

logarithm of the total concentration of the enzyme (Protomer). The 'elaxation time analysis. Both approaches provide similar
solid lines are computer fits according to the four-step sequential values of the relative fluorescence intensities. In the final
meche_mlerFusm% EQZF224ilV\gtf1A|:the rlezlatlvafllzuoreiczeyce step, global fitting with simultaneous fitting of all four
intensitiesAF; = 13.6,AFs = 11.9,AF, = 12, andAFs = 12.7. individual amplitudes refined the obtained spectroscopic
l?ié'lu gi.sgr%r:acr%;%%]S:;yfﬁjfotrgig;%yiﬁg;égEf_ m%scfggﬁge parameters. In these calculations, the fluorescence of the free
has been determined in the equilibrium fluorescence titration as MANT-AMP-PNP was taken adF; = 1. The data indicate

AFmax = 13 (Figure 3). The rate constants are the same as thosethat the largest relative fluorescence change, as compared

-5.6 -5.2 -4.8
Log[DnaB (Protomer)]

obtained from the relaxation time analysis (Table &);(2), A to the free AMP-PNP analogue, occurs in the first binding
(@), As (), As (m). step, i.e., in the formation of the (HN);. Upon formation
fluorescence intensities of each intermediate as of this complex, the fluorescence of the nucleotide increases
by a factor of 13.6 AF, = 13.6+ 1.2) as compared to the
B AF, free MANT-AMP-PNP. However, formation of subsequent
AF = 1+ K, + KK + KKK, + intermediates is accompanied by lower fluorescence increases
K AE than theAF; with AF; = 11.9+ 1, AF, = 12+ 1, andAFs
2" 3 + = 12.7+ 1.5 (Table 2). These results suggest that in the
14Ky + KKg + KKK, initial binding step the MANT group is closer to the protein
K K3AF, KK K,AF, tryptophans than in the subsequent intermediates (see
1+ K, + KK + KKK, Ty K, + KK; + KKK, ~ Discussion).
27) Kinetics of Binding the Ribose-Modified Fluorescent ADP

Analogue, MANT-ADP, to a Single Noninteracting Site on
where AF,, AFs, AF4, and AFs are molar fluorescence the DnaB HelicaseThe stopped-flow kinetic experiments
intensities of each intermediate of the DnaB heliecase for the binding of MANT-ADP to the DnaB helicase have
nucleotide cofactor complex, relative to the fluorescence of been performed in the same way as described above for
the free nucleotideAF;. Equation 27 constitutes an ad- MANT-AMP-PNP. The observed kinetic curves can only
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Ficure 8: Dependence of the individual relaxation amplitudes of
the kinetic process of MANT-ADP binding to the DnaB helicase
in buffer T2 (pH 8.1, 100 mM NacCl, 28C) upon the logarithm of
the total concentration of the enzyme (Protomer). The solid lines
are computer fits according to the four-step sequential mechanism
using egs 2124, with the relative fluorescence intensitieg, =

— " 16.6,AF; = 14.2,AF, = 14.2, andAF5 = 35.5. The fluorescence
0. 110 210 intensity of the free MANT-ADP is taken adF; = 1. The
[DnaB (Protomer)],. maximum fractional fluorescence increase of the nucleotide has
5 . been determined in the equilibrium fluorescence titratioABgax
= 17 (Figure 3). The rate constants are the same as obtained from
the relaxation time analysis (Table 2 (W), A; (O), Az (@), A4
(»).

il % + % # ﬁ concentrations. Therefore, the association of the ADP
analogue with the single, noninteracting nucleotide-binding
i site can be described by the same mechanism as determined
. for the AMP-PNP analogue in which the bimolecular
0 110° 210° association is followed by three conformational transitions
[DnaB (Protomer)],,,,, of the formed complex (Scheme 1).
0.08 — ' The solid lines in Figure 7 are computer fits of the
relaxation times according to the four-step mechanism
(Scheme 1) with the rate constants included in Table 2. The
data show that the values of all rate constants are consider-
ably different, even though the binding mechanism of the
+ MANT-ADP binding is the same as determined for MANT-
i éi AMP-PNP. Thus, botlik; andk-;, characterizing the bimo-
‘ L . lecular binding process, are by factors~et and~2 higher
0 110° 210 than in the case of the AMP-PNP analogue. Also, the fourth
. [DnaB (Protomen)], process is significantly slower than the one observed for

. . I AMP-PNP.
Ficure 7: Dependence of the reciprocal of the relaxation times : .
for the binding of MANT-ADP to the DnaB helicase in buffer T2 The differences between rate constants are reflected in the

(pH 8.1, 100 mM NacCl, 26C) upon the total concentration of the ~ energetics of the partial steps of the reaction (Table 2). The
helicase (Protomer). The solid lines are nonlinear least-squares fitsfirst binding step is energetically much more favorable than
according to the four-step sequential @f:cplanism, defirlled by ed 2,tpe corresponding step for MANT-AMP-PNP and dominates
\ﬂt hgtlh ekf?ti %Ongsltag ﬂi_oeé?f t?:'\:/' 1.3 silk ‘124;90%0’3%? the energetics of MANT-ADP binding. The first and second
and k,’4 ='0.005 gl’; (a) 1k, (b) ’1/r2, (©) 1fs, (('j) 1f,. The error steps contribute to the increased affinity of the nucleotide,
bars are standard deviations obtained from three to four independentvhile the third and fourth steps have a decreasing effect on
experiments. the affinity. The overall binding constait (eq 26) is (2.0
be adequately described by a four-exponential function, not% 0.6) x 10° M~%, as compared to (2.& 0.4) x 10° M~*
by a three-exponential function (data not shown). Thus, determined in equilibrium fluorescence titrations (Figure 3).
similar to MANT-AMP-PNP, the association of the ADP  This value is significantly higher than the value of the overall
analogue with the single, noninteracting binding site of the binding constant observed for AMP-PNP (Table 1), which
DnaB helicase includes at least four steps. is in agreement with equilibrium studies showing that the
The reciprocal relaxation times,zl/ 1/, 1/ts, and 1ty, ADP analogues have a higher affinity than the ATP
characterizing the four-step kinetic processes, as a functionanalogues {9—22).
of the total DnaB helicase concentration (Protomer), are The dependence of the fractional individual amplitudes,
shown in Figure 7. The largest reciprocal relaxation time, A;, A;, As, and A4, of all four relaxation steps upon the
1/, increases with the [DnaB] as expected for the relaxation logarithm of the total DnaB concentration (Protomer), is
time characterizing the bimolecular binding step (see Figure shown in Figure 8. Molar fluorescence intensities, of each
1), while 1f,, 1/t3, and 1, reach plateaus at high enzyme intermediate of the reaction, relative to the molar fluorescence

1,

17,

0

-
£ o025} .
=

0
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of the free MANT-ADP, have been obtained using the matrix
projection operator technique described above. The maximum
fractional increase of the MANT-ADP fluorescence, upon
saturation with the DnaB helicase, is known from the
equilibrium titrations, with the value used in these calcula-
tions, AFmax = 17 (Figure 3). The solid lines in Figure 8 are
nonlinear least-squares fits of eqs-24 to the experimental
fractional individual amplitudes of the reaction. The fluo-
rescence of the free MANT-ADP is taken as 1. The obtained
data show that there is a large, similar increase of the MANT-
ADP fluorescence upon forming the {HN);, (H—N),, and
(H—N)3 with AF, = 16.6+ 1.5,AF; = 14.2+ 1, andAF,

= 14.2+ 1. These values are higher than the corresponding
values obtained for MANT-AMP-PNP, indicating that the
MANT moiety is closer to the tryptophans than in the
complexes with ATP analogue. Also, contrary to MANT-
AMP-PNP, the relative fluorescence intensity of the{H
N), is strikingly higher AFs = 35.5 &+ 5). These results
suggest that in the case of the ADP analogue the MANT
group moves closer to the tryptophans in the-(#), than

in the corresponding complex with MANT-AMP-PNP (see
Discussion).

Binding of the Base-Modified Fluorescent Nucleotide
AnaloguescAMP-PNP andADP, to the Single, Noninter-

Relative Fluorescence Increase

810°¢

410
[DnaB (Protomer)]

Total

FIGURE 9: Fluorescence titrations @AMP-PNP andeADP with

the DnaB helicase in buffer T2 (pH 8.1, 100 mM NacCl, Z0) at
different protein concentrationsAMP-PNP (), éADP (H). The
solid lines are the best fits of the experimental isotherms to a single
site isotherm (eq 25), using intrinsic binding constaktss 6 x

100 (M1 and 3.3 x 10° (M1 for eAMP-PNP andeADP,
respectively (see text for details). Concentrations of both nucleotides
are 1.5x 1077 M.

similar to the MANT derivatives, the equilibrium data al-
ready indicate that the conformational state of the ADP
acting Site of the DnaB HelicasExperiments with etheno-  analogue in the helicase binding site is different from that
derivatives of AMP-PNP, ADRAMP-PNP, andADP, with of the ATP analogue, although in the case of the etheno-
the fluorescent modification located on the base instead of derivatives, the observed signal originates from the base (see
on the ribose, provide an important and independent test ofDiscussion).
the determined mechanism of nucleotide binding and the role  Kinetics of the Base-Modified Fluorescent ATP Analogue,
of the base in the recognition process. Binding of the etheno-cAMP-PNP, Binding to a Single, Noninteracting Site on the
derivative to the DnaB helicase is accompanied by a very DnaB HelicaseThe stopped-flow kinetic trace of tk&MP-
modest nucleotide fluorescence intensity increase, which isPNP fluorescence, after mixing the nucleotide(30~" M)
not enough to quantitatively examine the complex kinetic with the DnaB helicase [6< 107> M (Protomer)], final
mechanism of nucleotide bindin@1, 28). However, by concentrations, in buffer T2 (pH 8.1, 100 mM NacCl, Z0)
adding an efficient collisional quencher to the solution, e.g., containing 100 mM acrylamide, is shown in Figure 10. The
acrylamide, this low signal level can be amplified by more trace has been recorded in two time bases, 0.5 and 200 s.
than an order of magnitud@). We previously determined As shown by the included deviations from the fit, the
that acrylamide does not affect the free energy of binding observed kinetic curve is adequately described by a four-
of the etheno-derivatives to the DnaB helicag8)( Fluo- exponential function, but not by a three-exponential function.
rescence titrationsl{x = 325 nm,lem = 410 nm) ofcAMP- Thus, similar to the MANT analogues, the association of
PNP andeADP, with the DnaB helicase in buffer T2 (pH eAMP-PNP with the single, noninteracting binding site of
8.1, 100 mM NaCl, 20°C) in the presence of 100 mM the DnaB helicase proceeds through at least four steps.
acrylamide, are shown in Figure 9. With the excitation However, there is a significant difference. While in the case
wavelength at 325 nm, the fluorescence of the etheno-of MANT analogues, the fluorescence increases monotoni-
derivatives is predominantly observed. The maximum relative cally with time, in the case ofAMP-PNP, the fluorescence
fluorescence increase @AMP-PNP and<ADP upon satura- intensity of the final equilibrium system is lower than the
tion with the DnaB helicase areFya= 2.7+ 0.3 andAFmax intensity at the intermediate time regions (Figure 10).
= 3.4 + 0.3, respectively. In the absence of acrylamide, The reciprocal relaxation times,zl/ 1/, 1/ts, and 1ta,
analogous titrations produce only an0.15 and~0.25 characterizing the four binding processes, as a function of
maximum increase ofAMP-PNP andeADP fluorescence  the total DnaB helicase concentration (Protomer), are shown
upon saturation with the DnaB helicaszs). in Figure 11. The functional dependence of the relaxation
The solid lines in Figure 9 are computer fits using a single times is the same as observed for the MANT analogues
site binding isotherm (eq 25). The obtained values of intrinsic (Figures 5 and 7). Thus, the largest reciprocal relaxation time,
binding constant& are (64 1) x 10* M~* and (3.3+ 0.7) 1/r,, characterizing the bimolecular binding step, increases
x 10° M~ for eAMP-PNP andcADP, respectively (Table  with the [DnaB], while 1#,, 1/r3, and 1t reach plateaus at
1). Identical values have been obtained in the absence ofhigh enzyme concentrations. Therefore, binding of the
acrylamide (data not shown). This result is expected becausecAMP-PNP analogue to the single, noninteracting nucleotide-
as we determined before, acrylamide acts exclusively throughbinding site of the DnaB helicase can be described by the
the collisional quenching and does not have any detectablesame mechanism as determined for the MANT analogues

effect on the energetics of nucleotide bindir2B)( It is
interesting that the fluorescence increase e#DP is
significantly higher than that @fAMP-PNP (Figure 9). Thus,

in which the bimolecular association is followed by three
conformational transitions of the formed complex (Scheme
1). In other words, the general mechanism of nucleotide
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Ficure 10: Top panel is the fluorescence stopped-flow kinetic trace, 0 .
recorded in two time bases, 0.5 and 200 s, after mixing the DnaB 0 510° 0.0001
with eAMP-PNP in buffer T2 (pH 8.1, 100 NaCl, 2C) (Aex = {DnaB (Protomer)].
325 nm,Acm > 400 nm). The final concentrations of the helicase .
and the nucleotide are & 10°° M (Protomer) and 3x 1077 M, ¢
respectively. The solid line is the four-exponential, nonlinear least- 02 .

squares fit of the experimental curve using eq 1. The lower panel
shows the deviation of the experimental curve from the fitusinga
three-exponential (---) and a four-exponentia) function, respec- < l ; l

tively (eq 1). MR AN H,} {. .} + —

binding is independent of nucleotide modification, although

the rate constants, determined using the nonlinear least- 0 -
squares fit (solid lines in Figure 11), characterizing the 0 510° 0.0001
reaction steps are significantly different (Table 2). 002 [DnaB (Protomer)],,,

Molar fluorescence intensities characterizing each inter- ) d '

mediate of the reaction, relative to the molar fluorescence
of the freeeAMP-PNP, have been obtained by analyzing
the individual amplitudes of the reaction using the matrix &~

projection operator technique described above (data not™ oo +
shown). The obtained data indicate that formation of the (H L 4 ; +
N); and (H-N) is accompanied by the large fluorescence W ’

increase oEAMP-PNP withAF, = 5.3+ 1 andAF; = 4.3 0 ,

+ 1 (Table 2). However, the relative fluorescence of the-(H 0 510° 0.0001
N); is significantly lower withAF, = 1.8 + 0.6. On the [DnaB (Protomer)],

other hand, transition to the (HN), is accompanied by a  Ficure 11: Dependence of the reciprocal of the relaxation times
significant fluorescence increase willir, = 3.7+ 1. These for the binding ofcAMP-PNP to the DnaB helicase in buffer T2
resuls suggest hat the location of he base of the baund(LL ., 00 G e sy s
nucleot|(_je is different in different |ntermed|at_es, with the according to the four-step sequential mechanism, defined gy Scheme
base being exposed the most to the solvent in theN3 1, with the rate constantg = 3.4 x 1 M-1sL, k , = 16 s,
complex (see Discussion). kp=33s.,k,=8s1k=0.055% k 3=0.07s? k,=0.01
Kinetics of the Base-Modified Fluorescent ADP Analogue, s, andk—, = 0.0045 s; (a) 1/, (b) 1k, (c) 1fs, (d) 1k, The
¢ADP, Binding to the DnaB Helicas&imilar to all studied error bars are standard deviations obtained from three to four
- P independent experiments.
nucleotide analogues, the stopped-flow kinetic traces of the
€ADP fluorescence, after mixing the nucleotide with the Table 2. The major difference betweeADP andeAMP-
helicase, require the four-exponential function to describe PNP is in the value of the association bimolecular rate
the experimental curves (data not shown). Also, as in the constant,k;, which for the ADP analogue is an order of
case ofcAMP-PNP, but contrary to the MANT analogues, magnitude higher than in the casec#fMP-PNP, whilek_;
the fluorescence intensity of the final equilibrium system is has similar values (Table 2). Notice, MANT-ADP also has
lower than the intensity at the intermediate time regions. the forward rate constari, for the bimolecular step, which
The reciprocal relaxation times,7l/ 1/t,, 1/t3, and 1t,, is higher than the one determined for MANT-AMP-PNP
as a function of the total DnaB helicase concentration (Table 2). As a result, the bimolecular binding step is
(Protomer) are shown in Figure 12. The solid lines in Figure energetically much more favorable for ADP analogues and
12 are computer fits of the relaxation times according to the is mainly responsible for the higher affinity of the ADP
four-step mechanism (Scheme 1) with the rate constants ancanalogues for the nucleotide-binding site than the ATP
equilibrium constants for the individual steps included in analoguesi9—22).
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of the kinetic process o ADP binding to the DnaB helicase in
buffer T2 (pH 8.1, 100 mM NaCl, 20C) upon the logarithm of

the total concentration of the enzyme (Protomer). The solid lines
are computer fits according to the four-step sequential mechanism
using egs 2124, with the relative fluorescence intensities, =

4.6, AF; = 4.9, AF, = 2.5, andAFs = 1.1. The fluorescence
intensity of the freecADP is taken asAF; = 1. The maximum
fluorescence increase of the nucleotide has been determined in the
equilibrium fluorescence titration asFnax = 3.7 (Figure 9). The

rate constants are the same as obtained from the relaxation time
analysis (Figure 13, Table 2}, (W), A; (O), As (@), A4 (2).

contrary toecAMP-PNP, transition to the (HN), leads to

the complex withAFs = 1.1+ 0.3. This result suggests that

in the last intermediate the base becomes completely exposed
to the solvent (see Discussion).

DISCUSSION

Binding and/or hydrolysis of ribonucleotide triphosphates
(rNTPs) are crucial in regulating the functions of the DnaB
helicase €, 3, 5, 18). On the bases of thermodynamically
rigorous fluorescence titrations, we previously determined
that the DnaB protein has six nucleotide-binding sites and
that negative cooperative interactions exist between the sites
(19—22, 28). Thermodynamically, a hexagon model de-
scribes the DnaB hexamer where the cooperative interactions
are limited to the two adjacent subunii®). In the hexagon
model, the first three nucleotide molecules bind to the three
noninteracting sites. In other words, the binding of the first

Ficure 12: Dependence of the reciprocal of the relaxation times three nucleotides is equivalent to the binding to three

for the binding ofeADP to the DnaB helicase in buffer T2 (pH  independent sites on the enzyme. Only subsequent binding
8.1, 100 mM NaCl, 2C°C) upon the total concentration of the Of the next three nucleotides is affected by the negative

helicase (Protomer). The solid lines are nonlinear least-squares fitscooperative interactions with the high-affinity sites already
according to the four-step sequential mechanism, defined by eq 2,55tyrated with the cofactors.

with the rate constants, = 2.6 x 1° M~1s1 k ;=10s1 k, . L )
=451 k,=65sL ks=0.01sL k 3=0.07s? k, = 0.009 In this report, we address the kinetics of nucleotide

s7L, andk_, = 0.0045 s1; (a) 1k, (b) 1k, (C) 1ka, (d) 1k4. The cofactor binding to a single, noninteracting site on the DnaB
error bars are stapdard deviations obtained from three to four helicase, using fluorescent nucleotide analogues, which differ
independent experiments. by the type and location of the modifying group. In the case
The dependence of the fractional individual amplitudes, of MANT-AMP-PNP and MANT-ADP, the fluorescent

A1, Ay, As, and A4, of all four relaxation steps upon the group, methylantraniloyl (MANT), attaches to the ribose 2
logarithm of the total DnaB concentration (Protomer), is and/or 3 oxygens, whereas iBAMP-PNP andecADP the
shown in Figure 13. The solid lines in Figure 13 are nonlinear modification is located on the adenine. In the case of the
least-squares fits of eqs 224 to the experimental fractional DnaB helicase, there is an effcient fluorescence energy
individual amplitudes of the reaction with the fluorescence transfer from the protein tryptophans to the fluorescent
of the freecADP taken as 1. The obtained data indicate that nucleotide analogue bound in the binding s As a result,
formation of the (H-N);, (H—N),, and (H-N); is ac- the fluorescence increase of the MANT derivatives is very
companied by a large fluorescence increase AP, with strongly amplified when the excitation wavelength is in the
AF, = 4.6+ 0.7,AF3 = 4.9+ 0.7, andAF, = 2.5+ 0.6. tryptophan absorption band. We utilized this fact in the
The data suggest that in all these intermediates the base istudies described in this work and monitored the kinetics of
significantly shielded from the solvent. On the other hand, the binding of MANT derivatives through their fluorescence
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increase resulting predominantly from the energy transfer estimated using the Smoluchowski equation (32)
from the protein tryptophans. A similar approach has been

used in kinetic studies of the binding of MANT-derivatives _ AnNA(Dp + Dp)(rp + 1)

to the E. coli Rep helicase29, 30). In the case of etheno- ko = 1000

derivatives, the nucleotide fluorescence change, upon satura-

tion with the DnaB helicase, is not enough to achieve the whereNa is Avogadro’s numberDe and Dp are diffusion
necessary resolution, even with the excitation through the coefficients of the protein and nucleotide, respectively, and
fluorescence energy transfer from the tryptophan residues.fe andrp are their interaction radii. The diffusion coefficient
In this case, we utilized the fact that the fluorescence of the of the DnaB helicase hexameDp = (2.8 + 0.3) x 107/

free etheno-derivatives of the nucleotides is strongly quenchedcn¥/s, has been determined using the dynamic light-scattering
by the neutral quencher, acrylamide, exclusively through technique (Bujalowski, unpublished data). The diffusion
collisional quenching without affecting, to any detectable coefficient of the nucleotide analogues can be estimated in
extent, the energetics of the cofactor bindidg,(28). The the following way. The fluorescence anisotropyand the
fluorescence of the bound nucleotide is quenched by acry-lifetime, z, of the free MANT-ADP, determined in our
lamide to a much lesser extent, leading to more than an ordersolution conditions, are = 0.015+ 0.005 andr = 3.9 ns

of magnitude amplification of the nucleotide fluorescence (20). The rotational correlation time of the nucleotide,

(28)

upon saturation with the helicas2g). modeled as a sphere, is determined by the form® (
Application of the Matrix Projection Operator Technique

to Study Stopped-Flow KineticSomplex relaxation kinetics o= re (29)

are usually studied either by purely numerical methods or o= T

by using approximate formulas for relaxation times and
amplitudes 26). Purely numerical methods are very powerful
but provide limited insight into the physical aspects of the , X G
studied mechanism. On the other hand, approximate formulasPPtains thelorotatlonal correlation time of MANT-ADB ~
can very often be applied only in stringent conditions, which 1:52 > 107?s [buffer T2 (pH 8.1, 100 mM NaCl, 2€C)].
are not always fulfilled by the system. The matrix projection 1he hydrated volume of the moleculé, is related to the
operator technique offers an experimenter the possibility of rotational correlation timep, by (33)

wherer, is the fundamental anisotropy of MANT-ADRQ).
Using ther and r values given above, ang = 0.4, one

limiting the numerical analysis to finding only the eigen- okT
values of the coefficient matrix, which are directly related V,=+— (30)
to the relaxation times of the kinetic system. Once the d

eigenvalues are determined, the amplitudes of each resolveqynere k is the Boltzman constanfl is the temperature
step of the reaction can be explicitly defined in terms of rate (kelvin), ands is the viscosity of the solution. Introducing
constants, relaxation times, and spectroscopic properties ofhe value ofg into eq 30 givesvi ~ 4.73 x 10722 cn¥,
all intermediates by expanding the solution matrix using which provides the radius of MANT-AMP-PNR;, ~ 4.8

matrix projection operators (eqs 224). . A. The translational diffusion coefficient is defined by the
Multiple-Step Kinetic Mechanism of Nucleotide Cofactor stokes-Einstein equation as

Binding to the SingleNoninteracting Binding Site on the
DnaB HelicaseThe results obtained in this work indicate D — kT (30)
that the mechanism of MANT-AMP-PNP and MANT-ADP b Bar
binding to the single, noninteracting site on the DnaB helicase
is a minimum four-step, sequential process described by Introducing the value of, = 4.8 A providesD, = 3.42 x
Scheme 1. Thus, the nucleotide-binding site complex un- 108 cn/s.
dergoes at least three conformational transitions following The interacting radii have been taken as equal to the
the initial complex formation. The same mechanism is approximate size of the radius of the nucleotides= rp ~
observed foreAMP-PNP andeADP, indicating that the 4.8 A. With these values, the diffusion-controlled association
mechanism is independent of the location of the modification rate constant, defined by eq 28kis~ 2.7 x 10° M1 s,
of the nucleotide. It also indicates that possible acyl-migration Smaller interaction radii and/or orientation factors could
of the MANT moiety between the’ 2and 3 OH group of lower this value tdo ~ 10'—10° M~1 s7%, which is a value
the ribose is not affecting the fundamental characteristic of similar to that observed for some fast formations of nucle-
the determined mechanisr@4). In other words, the four-  otide cofactor-protein complexes3d). These estimates are
step sequential mechanism is an intrinsic property of the approximate in nature; nevertheless, the determined bimo-
DnaB helicasenucleotide system. lecular rate constark is ~2—4 orders of magnitude lower

In most chemical bimolecular reactions, formation of the thankp, predicted by diffusion-controlled collision, suggest-
product is preceded by a collisielencounter complex, a ing that the bimolecular association step contains an ad-
process that is controlled by diffusion of the reactalts (  ditional conformational transition of the helicaseucleotide
32). It should be noted that the highest value of the complex. Strong evidence for the presence of the additional
bimolecular association rate constant observed for MANT- transition, following the collision complex, comes from the
ADP isk; = (8.5£ 1) x 10° M~1 s, which is significantly amplitude analysis which indicates that a large increase of
lower than that expected for the diffusion-controlled reaction the nucleotide fluorescence (large conformational change of
(31, 32). The values ok, determined for the other nucleotides the enzyme-nucleotide complex) occurs in the formation
are even lower (Table 2). Theoretical values of the maximum of the (H-N),. The very definition of the collision complex
rate constant for the diffusion-controlled association can be excludes such dramatic conformational changes of the heli-
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Scheme 2

Kp kY kj k3 k4
Helicase + NS E & (H-N), & (H-N), & (H-N), & H-N),

-b K, k3 k_3 k4

case-nucleotide complex as a result of a simple collision  Amplitude Analysis Indicates Changing Location of the
(31, 32). Therefore, Scheme 1 should be enlarged by an extraBase and MANT Moiety of the Bound Nucleotides in
step following the collision complex, E, as described by Different Intermediatedn the experiments described in this
Scheme 2 wherk, andk_p are rate constants for the forma- work, we followed the kinetics of the MANT derivatives by
tion and dissociation of the collision complex akdand monitoring the fluorescence increase resulting predominantly
k_; are the rate constants for the transition from the collision from the fluorescence energy transfer from the protein
complex to the (HN);. The equilibrium constant for the tryptophan residues clustered around the nucleotide-binding
first step is therKp = kp/k_p. Because the formation of Eis  site 21). In the case of the ATP analogue, MANT-AMP-
a very fast process and equilibrates before any significant PNP, the largest fluorescence increase in the formation of
transition to the (HN), takes place, the determined, apparent the (H-N): suggests that the MANT group of the bound
bimolecular rate constant ks = Kp ki. It should be pointed  nucleotide is closest to the tryptophan residues in this
out that we do not observe an amplitude lost in the dead intermediate. Lower values &F, and AF3; suggest that in
time of the instrument~1.4 ms), which indicates that the the formation of subsequent intermediates, the group is
collision process is very fast and there is no fluorescence placed farther away from the tryptophans and once again
change (conformational transition) accompanying its forma- approaches these residues in the-(#j4, however, to a lesser
tion. extent than in the (HN);. Although some specific rear-
The estimate of the range of values kyrcan be obtained  rangements of the protein tryptophans cannot be excluded,
as follows. Notice, the dependence of the reciprocal relax- much higher values of the relative molar fluorescence of all
ation time for the bimolecular processril/e.g., for the intermediates observed for MANT-ADP suggest that the
MANT-AMP-PNP, is a linear function of the helicase MANT group is always closer to the tryptophan residues in
concentration at the highest concentrations examine?l [  the case of the ADP analogue. The major difference between
x 107° M (Protomer)]. This shows thdp is much lower MANT-AMP-PNP and MANT-ADP is in the value oAFs.
than 5x 10* M1 (26). Taking a conservative valup ~ The error in determining\Fs is large; however, it is still
10® M1, givesk; ~ 900 s for MANT-AMP-PNP. Assum- strikingly higher than any other fluorescence parameter,
ing the same conservative valueskyf, the corresponding  suggesting that in this complex the MANT group is much
values for MANT-ADP,cAMP-PNP, andADP are 3500, closer to the protein tryptophans than in any other intermedi-
340, and 26007¢. Thus, the data strongly suggest that the ate, particularly, as compared to MANT-AMP-PNP.
collision complex E undergoes a transition to the—{K)s, The kinetics ofeAMP-PNP andeADP are followed by
with a forward rate constant of more that2 orders of mag- monitoring the fluorescence increase resulting predominantly
nitude larger, particularly for the ADP analogues, than the from the shielding of the base region of the nucleotide from
dissociation constarikt-; and the forward rate constants for the efficient collisional quencher, acrylamid20( 28). The
subsequent formation of the {HN),, (H—N)3z, and (H-N).. data indicate that in the case @AMP-PNP the base region
Major Conformational Transition of the DnaB Helicase of the bound nucleotide is shielded from the solvent in the
Nucleotide Cofactor Complex Occurs in the First Binding (H—N);, (H—N)2, and (H-N),. In the (H=N)s, the base
Step The functional dependence of the individual amplitudes, becomes transiently exposed to the solvent, suggesting that
A1, Ao, As, and Ay, of the relaxation processes in the DnaB in this intermediate it partially leaves the cavity of the binding
helicase association reaction with all studied nucleotides fully site 20). The behavior okADP is different. The base is
supports the sequential character of the binding mechanismmuch more efficiently shielded from the solvent, as compared
Moreover, with the exception of MANT-ADP, the amplitude to eAMP-PNP, in the (H-N);, (H—N),, and (H-N)z. How-
analysis indicates that the largest fluorescence increase, agver, with the transition to subsequent intermediates, the base
compared with the free nucleotide, accompanies the forma-becomes more and more exposed. In the-kH,, the
tion of the (H-N); complex. fluorescence of the bound nucleotide reaches the values of
Fluorescence energy transfer and dynamic collision with the fluorescence of the free cofactor in solution (Table 2).
a quencher in solution are very fast processes occurring in - We previously established, using fluorescence spectros-
the range of subnanosecon@8)( Also, the conformational  copy, that there are large structural differences between base-
dynamics of the nucleotide molecules is fast and proceedsand ribose-binding regions of the nucleotide-binding site of
in the range of nanosecondbj. The fact that the transition  the DnaB helicase?(). The results described above provide
from the collision complex E to the (HN), is characterized  the first indications of significant structural differences
by a rate constant in the range ©800-3000 s indicates between ATP and ADP bound to the nucleotide-binding site
that this is not exclusively the rate of simple colliding with  of the enzyme, in both the base- and ribose-binding regions.
the area of the binding site, but rather a true conformational Difference between the Energetics of Binding of the ADP
transition of the enzymenucleotide complex. In other and ATP Analogues to the DnaB Helicase Results Predomi-
words, the observed dynamics of the formation of the-(H nantly from the Differences in the Energetics of the First
N); is an intrinsic property of the DnaB helicase, in response Binding Step An interesting feature of the DnaB helicase
to nucleotide cofactor binding, and not simply an adjustment interactions with nucleotide cofactors is the fact that the ADP
of the bound cofactor to the structure of the enzyme-binding analogues have a higher free energy of binding than the ATP
site. analogues. So far, this has been found for all studied
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N+

Ficure 14: Schematic model of the sequential conformational transition of the entire DnaB hexamer, induced by nucleotide binding.
Initially, all binding sites are independent, although quaternary interactions induce functional (possibly conformational) trimer of dimers
structure of the six identical subunits. Binding of the first nucleotide molecule (N) to a single, independent binding site induces conformational
changes of the two adjacent subunits (a dimer) of the hexamer. Binding of the second and third nucleotide molecules sequentially induced
further structural changes of the next sets of two subunits. At this stage, with only the three bound nucleotide molecules, the major structural
changes induced by nucleotide binding of the hexamer would be satuéxté&dither binding of the next, three nucleotide molecules does

not induce additional global changes of the hexamer. This structure with C6 symmetry could be in equilibrium with the structure of C3
symmetry observed in E. M. studie8) (

nucleotide systemgAMP-PNPEADP, MANT-AMP-PNP/ from the values ofk, and k-, determined for the DnaB
MANT-ADP, and TNP-ATP/TNP-ADP 19-22). The ki- helicase (Table 2).
netic studies described in this work indicate that the major  The differences between the Rep and the DnaB helicases
contribution to the free energy of binding is generated in reflect very different structures and, most probably, different
the first binding step. The difference in the change of free mechanisms of functioning. The Rep helicase exists in
energy in the first binding step between the ATP and ADP solution predominantly as a monomer which dimerizes upon
analogues results from the much higher apparent bimolecularcomplex formation with the DNA substrateksj. The DnaB
association rate constant for the ADP analogues; this ishelicase forms a ring-like structure in which protomer
particularly evident in the case @AMP-PNP andcADP. protomer contacts are limited to two neighboring subunits
The value ofk, for eADP is approximately an order of (6, 8, 9). We obtained evidence, using the fluorescence
magnitude higher than the value obtained éMP-PNP energy transfer approach that, in the complex with the
(Table 2). helicase, the ssDNA passes through the cross-channel of the
Previously, we determined that binding of AMP-PNP hexamer 16). Similar structures of the equilibrium com-
induces a conformational change of the DnaB helicase which plexes between hexameric helicases and ssDNAs have been
leads to an~5 orders of magnitude increase of the affinity found in the case of bacteriophage T7 and T4 hexameric
of the enzyme for the ssDNAY?). In the presence of ADP, helicases 7—39). The functioning of the Rep helicase
the affinity for the ssDNA increases by only2 orders of includes a complex dimerization of the enzyme at the ss-
magnitude. A plausible explanation of the observed lower and dsDNA junction, with ATP and ADP controlling the
free-energy change, in the case of ATP analogues, is thatenzyme interactions with the DNA substrates and differen-
part of the free energy of binding of the nucleotide is used tially affecting the two subunits of the dime4@—42). The
to induce the conformational transition of the DnaB leading DnaB helicase forms a stable hexamer in solution, specifi-
to high ssDNA affinity 86). In the case of ADP, this cally stabilized by multiple magnesium cation binding, and
transition is not complete and, as a result, requires muchthe binding of nucleotides induced global conformational
less of the free energy of nucleotide binding. The kinetic transition of the entire hexames,(©). Moreover, we recently
data described in this work strongly suggest that the obtained evidence that the hexamer does not dissociate before
conformational change, leading to a higher ssDNA affinity binding to the ssDNA. The data indicate that the entry of
state, takes place in the first binding step, in the transition E the ssDNA into the cross-channel is accomplished by a local
< (H—N)1. Notice, the difference is significantly lower in  opening of the ring-like structure of the enzyme [Bujalowski
the free-energy change in the first binding step between theand Jezewskal. Mol. Biol. (in press)].
MANT-AMP-PNP/MANT-ADP system andAMP-PNP/ Sequential Character of the Mechanism of Nucleotide
€¢ADP (Table 2). This difference would result from the fact Binding to a Single, Noninteracting Nucleotide-Binding Site
that both they phosphate and the ribose play a role in of the DnaB Helicase Excludes Preequilibrium Conforma-
inducing a high ssDNA affinity staté/(18, 19). In MANT- tional Transition of the Enzyméxperiments described in
AMP-PNP, the ribose is partially blocked, thus, diminishing this work focus on the dynamics of nucleotide binding to a
the ability to efficiently induce the conformational transition. single, noninteracting site of the DnaB helicase. It should
Comparison with Other Helicase$he kinetics of nucle- be pointed out that electron microscopy studies indicate that
otide analogue binding to the DnaB helicase is significantly the DnaB hexamer exists in different conformations in the
different from the dynamics of the same nucleotide analogue presence of nucleotide cofacto).(Conformational changes
binding to another well-studiel. coli Rep helicase29, 30). of the hexamer induced by AMP-PNP and ADP have been
Kinetic data from Lohman’s laboratory showed that the Rep observed in solution using the sedimentation velocity tech-
helicase monomer binds nucleotide cofactors via a two-stepnique 6). The sequential mechanism of cofactor binding
mechanism, where fast bimolecular binding is followed by indicates that transitions to different states of the protein
a single isomerization, although a third slow process has beenoccur as a response to the formation of the enzyme
observed for AMP-PNP in kinetic competition studi@g)( nucleotide complex. In other words, conformational transi-
The determined bimolecular rate constant for MANT-AMP- tions of the DnaB helicase, both the protomers and the entire
PNP (~7 x 1® M1 s 1) is very close to the value obtained hexamer, are not present prior to nucleotide binding but are
for the DnaB helicase, although direct comparison is difficult induced by cofactor binding26, 43, 44).
due to different solution conditions. However, rate constants  In the hexagon model of the binding of six nucleotide
for the subsequent step (41 and 0.63) sre very different molecules to the DnaB helicase, the first three cofactors bind
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to three independent sites on the hexani&—22). Only

after these sites are saturated do the next nucleotide molecules

bind with negative cooperativity. The excellent agreement
between the overall intrinsic binding constant, determined
in equilibrium fluorescence titrations and kinetic studies of
a single site on the hexamer, with the intrinsic binding

constant, determined from the analysis of the entire binding
isotherm, using the hexagon model, provides very strong
evidence that all six nucleotide-binding sites are initially

independent.

As we pointed out, the negative cooperative interactions
are limited to the two adjacent subunits and are induced by
the binding of the first nucleotided$—22). Thus, equilib-
rium and kinetic data suggest that the sequential conforma-
tional changes resulting from the binding of a nucleotide to
the single, noninteracting site include at least one of the
subunits adjacent the subunit bound with the nucleotide. On
the other hand, E. M. data strongly suggest that the DnaB
hexamer is assembled as a trimer of dim8r9(45). Recall,
the binding of both AMP-PNP and ADP induces a global

change in the structure of the entire DnaB hexamer, as seen 23,

by hydrodynamic and E. M. technique ). In fact, these

large changes become gradually saturated with only three 24.

out of six binding sites of the hexamer being saturated with
the nucleotidesf). Because, the binding sites are initially

independent, these data suggest that conformational changes

of the hexamer are sequential and induced by the initial
binding of the nucleotide molecules to the independent sites.
A model of the sequential conformational transition of the
entire DnaB hexamer, which can account for all these data,
is depicted in Figure 14. Binding of the first nucleotide
molecule to an independent binding site induces conforma-
tional changes of the two adjacent subunits (a dimer) of the
hexamer. Binding of the second and third nucleotides
sequentially induced further structural changes of the next
sets of the two subunits. Thus, saturation of the hexamer
with the first three nucleotide molecules would induce most
of the global conformational changes observed by hydrody-
namic methodsE).
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